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Dans son document de synthe`se date´ de 2014, l’Atelier de Re´ﬂexion Prospective
REAGIR de´ﬁnit la ge´o-inge´nierie de l’environnement comme l’ensemble des techniques
et pratiques mises en œuvre ou projete´es dans une vise´e corrective a` grande e´chelle d’ef-
fets re´sultants de la pression anthropique sur l’environnement. Ces techniques doivent
eˆtre distingue´es des mesures classiques d’atte´nuation (re´duction des e´missions de gaz
a` eﬀet de serre) ou d’adaptation (re´duction de la vulne´rabilite´ des syste`mes naturels
et humains aux eﬀets des changements climatiques), meˆme si elles peuvent a` certains
e´gards les recouper. De par leur nature globale, elles reveˆtent de nombreux enjeux
(faisabilite´ technique, gouvernance, acceptabilite´ sociale) qui de´passent largement le
cadre de cette the`se.
Deux grandes familles de techniques de ge´o-inge´nierie sont couramment distingue´es.
Les techniques d’extraction du dioxyde de carbone (CDR, Carbon Dioxide Removal)
englobent toutes les me´thodes ayant pour but la capture directe du CO2 atmosphe´rique
ou d’autres gaz a` eﬀet de serre. Les techniques de gestion du rayonnement, le plus
souvent solaire, (SRM, Solar Radiation Modiﬁcation) regroupent toutes les me´thodes
ayant pour but d’aﬀecter le climat par modiﬁcation des ﬂux radiatifs. Elles peuvent
eˆtre de´cline´es en diﬀe´rentes strate´gies consistant i) a` modiﬁer l’albe´do des surfaces
terrestres, ii) a` modiﬁer l’albe´do des nuages (en pulve´risant par exemple des sels marins
dans la basse troposphe`re), iii) a` limiter le rayonnement solaire incident au sommet
de la troposphe`re (en mettant en orbite des panneaux re´ﬂe´chissant ou en injectant des
ae´rosols dans la stratosphe`re).
C’est a` cette dernie`re me´thode de SRM que nous nous sommes inte´resse´s, a` l’instar
des premie`res simulations de ge´o-inge´nierie (G1 et G4) mises en œuvre dans le cadre
du projet international d’intercomparaison GeoMIP. Les Chapitres 3 et 4 ont porte´ ex-
clusivement sur l’injection de soufre dans la stratosphe`re (SRM-SAI, expe´rience G4),
visant a` cre´er des ae´rosols d’acide sulfurique ayant comme proprie´te´ de re´ﬂe´chir le
rayonnement solaire incident. L’injection pre´conise´e se ferait dans la stratosphe`re tro-
picale car le soufre injecte´ sous forme gazeuse ou particulaire pourrait se disperser dans
les deux he´misphe`res via la circulation de Brewer-Dobson, inﬂuenc¸ant ainsi le contenu
en ae´rosols stratosphe´riques a` l’e´chelle globale et de manie`re relativement homoge`ne.
Le mode`le syste`me Terre du CNRM, comme de nombreux autres mode`les ayant par-
ticipe´ a` la premie`re phase de GeoMIP, ne simule pas explicitement la chimie du soufre
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et se contente de prescrire directement des charges en ae´rosols stratosphe´riques.
Les techniques de SRM-SAI s’inspirent du refroidissement de la surface de la Terre
observe´ apre`s les grandes e´ruptions volcaniques qui sont associe´es a` des injections de
grandes quantite´s de soufre dans la stratosphe`re. Ce refroidissement est temporaire
et ne dure que quelques anne´es, le temps que les ae´rosols d’acide sulfurique d’origine
volcanique soient e´limine´s de l’atmosphe`re. L’objectif de la SRM-SAI est d’obtenir
un refroidissement “permanent” de la surface en injectant continuellement du soufre
de manie`re a` maintenir une couche d’ae´rosols stratosphe´riques suﬃsante pour limiter
l’eﬀet de l’accroissement de l’eﬀet de serre. L’e´ruption volcanique du Mont Pinatubo
en 1991 a injecte´ 20 Mt de dioxyde de soufre dans la stratosphe`re et a ge´ne´re´ un
refroidissement global d’un demi-degre´ environ pendant la premie`re anne´e. Cependant,
il n’est pas acquis que l’injection continue de 20 Mt de dioxyde de soufre durant un
an produise une couche d’ae´rosols d’acide sulfurique comparable a` celle produite par
l’e´ruption volcanique du Mont Pinatubo en termes de distribution en taille d’ae´rosols
et donc en termes de forc¸age radiatif.
La question de l’eﬃcacite´ de la SRM-SAI et de la quantite´ d’ae´rosols a` injecter pour
obtenir un refroidissement donne´ est donc une premie`re question essentielle et a fait
en partie l’objet du Chapitre 3. E´tant donne´ la relative rusticite´ de la repre´sentation
des ae´rosols dans la ge´ne´ration CMIP5 des mode`les utilise´s pour les expe´riences G4
disponibles, les protocoles CMIP5 de GeoMIP ont fait preuve d’un certain laxisme
quant au mode de repre´sentation des ae´rosols dans ces expe´riences (augmentation
de l’AOD versus simulation de l’injection, diﬀe´rences de proﬁls latitudinaux et/ou
verticaux de l’AOD/du SO2). Cela a conduit a` des re´sultats tre`s divergents en termes
d’atte´nuation du rayonnement et de diminution de la tempe´rature en moyenne globale,
ce qui nous a pousse´ a` nous focaliser sur le refroidissement normalise´ par la re´duction du
rayonnement solaire incident en surface. Pour aller plus loin sur l’impact radiatif direct
des ae´rosols stratosphe´riques simule´s, nous avons meˆme utilise´ le parame`tre ”en ciel
clair” qui permet de s’aﬀranchir de la re´troaction nuageuse. Ainsi, nous avons identiﬁe´
une proprie´te´ statistique entre le comportement des mode`les dans l’expe´rience G4, et
leur re´ponse aux principales e´ruptions du XXe`me sie`cle. Appuye´ par un jeu de donne´es
d’observations et de re´analyses aussi diversiﬁe´ que possible, nous avons revu a` la baisse
l’eﬃcacite´ de la SRM-SAI par rapport a` la moyenne multi-mode`le (re´duction de 20%),
et re´duit l’incertitude associe´e de 40%. N’oublions pas que ce travail visait a` contraindre
l’incertitude en tempe´rature pour un changement radiatif donne´, sans se pre´occuper
des processus pre´alables reliant la strate´gie d’injection a` la de´stabilisation du bilan
radiatif. Il est primordial de comprendre et d’e´tudier l’ensemble des processus allant
du choix des compose´s injecte´s, en passant par leur taille, leur lieu d’injection, puis
leur dispersion dans la haute atmosphe`re, leurs proprie´te´s optiques, menant ﬁnalement
au refroidissement de la plane`te. Le re´cent rapport spe´cial du GIEC sur le sce´nario
climatique 1.5°C en lien avec les accords de Paris stipule que la SRM pourrait limiter
un e´ventuel overshoot en tempe´rature au cours du XXIe`me sie`cle : l’importance de
relier la strate´gie d’injection au refroidissement global eﬀectif est donc primordiale
quand il est question de ne pas de´passer un seuil en tempe´rature. L’ame´lioration des
connaissances passera e´galement par l’e´laboration de protocoles plus sophistique´s, et
plus en ade´quation avec les e´ventuelles techniques de mise en œuvre de la SAI.
Les e´tudes de faisabilite´ ont conclu que la SRM-SAI serait re´alisable sur le plan
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technique a` moyen-long terme meˆme s’il existe de nombreuses incertitudes sur les
couˆts. Sur le plan scientiﬁque, le be´mol du Chapitre 3 sur l’eﬃcacite´ suppose´e de cette
technique ne suﬃt pas a` la remettre en cause en tant que solution provisoire en cas
d’emballement du re´chauﬀement global. Il a notamment e´te´ sugge´re´ que la SRM-SAI
pourrait par ailleurs avoir des retombe´es positives sur le cycle du carbone, en favorisant
les puits naturels de carbone atmosphe´rique que repre´sentent les oce´ans et les surfaces
continentales. Ces puits naturels ont absorbe´ pre`s de la moitie´ des e´missions anthro-
piques de CO2 sur la dernie`re de´cennie, avec une contribution un peu plus forte pour
les surfaces continentales que pour l’oce´an global. Le re´chauﬀement global et l’aridiﬁ-
cation e´ventuelle d’une partie des continents pourraient cependant re´duire l’eﬃcacite´
de ces puits naturels de carbone a` plus ou moins long terme. Le Chapitre 4 de cette
the`se a permis d’e´valuer l’impact de la SRM-SAI sur le bilan de carbone, d’une part a`
moyen terme pendant la pe´riode de mise en œuvre de la SAI (2020-2070), mais aussi
a` plus long terme en cas d’arreˆt de cette technique et en re´ponse a` un e´ventuel eﬀet
rebond sur la tempe´rature globale. Les mode`les s’accordent a` pre´dire que le climat
induit par la SAI tend a` stimuler les puits naturels de carbone, principalement celui
que constitue la biosphe`re continentale. La quantite´ additionnelle de carbone stocke´
durant les 50 anne´es de SAI serait de 40 GtC, e´quivalent a` 4 anne´es d’e´missions an-
thropiques au taux d’e´mission actuel. Ne´anmoins, plusieurs e´le´ments limitent l’impact
a priori positif de la SAI sur les ﬂux de carbone. En plus de l’incertitude sur l’ampli-
tude de la re´ponse du cycle du carbone, notamment en lien avec l’incertitude sur la
re´ponse du bilan radiatif et de la tempe´rature de´crite dans le Chapitre 3, les mode`les
divergent sur les processus bioge´ochimiques pilotant le signal. La compre´hension des
processus photosynthe´tique et de respirations ainsi que leurs imple´mentations dans les
mode`les de climat ne´cessitent des e´tudes supple´mentaires. Les ame´liorations qui ont
e´te´ apporte´es au mode`le du CNRM en vue du prochain exercice CMIP6 pourraient
aﬃner les re´sultats obtenues dans cette e´tude (meilleur re´alisme des processus de respi-
rations, impact du rayonnement diﬀus sur la photosynthe`se...). Enﬁn, l’arreˆt prolonge´
de la SAI provoquant un rebond en tempe´rature duˆ a` l’eﬀet de serre additionnel impute´
aux e´missions de CO2 anthropique impliquerait une re´versibilite´ du cycle du carbone,
le carbone accumule´ durant la pe´riode de SAI serait alors rapidement relaˆche´ dans
l’atmosphe`re.
Bien que l’acceptabilite´ sociale et la gouvernance de la ge´o-inge´nierie ne soient pas
le sujet de cette the`se, il semble pour le moment acquis que toute de´cision de mise
en œuvre devrait se faire de manie`re concerte´e (dans le cadre des Nations Unies) et
avec l’accord de tous les pays. Sur le plan scientiﬁque, cela signiﬁe que la possibi-
lite´ de compenser le re´chauﬀement global anthropique via cette technique ne garantit
nullement son approbation tant que ses potentiels eﬀets collate´raux ne sont pas do-
cumente´s, y compris a` l’e´chelle re´gionale. A` titre d’illustration, et inde´pendamment
des eﬀets attendus sur l’acidite´ des oce´ans ou sur l’ozone stratosphe´rique, le Chapitre
5 s’est inte´resse´ a` l’impact de la SRM sur le climat hivernal de l’Europe. Diverses
sources d’incertitudes sur cette re´ponse ont e´te´ explore´es : le choix du mode`le uti-
lise´ (comparaison des mode`les CNRM-ESM1 et CNRM-ESM2.1 dans les simulations
G1), mais aussi le choix du protocole mis en œuvre (comparaison des expe´riences G1
et G4) avec le mode`le CNRM-ESM1. Ces deux e´tudes paralle`les montrent la sensi-
bilite´ de la re´ponse climatique et l’incertitude existante entre les re´ponses de deux
mode`les aux paradigmes pourtant communs, et entre deux simulations pourtant pi-
lote´es par les meˆmes scientiﬁques. Les eﬀorts de mode´lisation du syste`me climatique
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sont donc essentiels aﬁn de re´duire les incertitudes lie´es aux simpliﬁcations de certains
processus, hypothe`ses ne´cessaires a` la mode´lisation climatique mais qui ne doivent pas
alte´rer les re´sultats scientiﬁques. Dans le cas du mode`le du CNRM, l’ame´lioration de
la repre´sentation verticale de l’atmosphe`re notamment l’augmentation de l’altitude du
toit du mode`le permet de mieux repre´senter la dynamique stratosphe´rique, ne´cessaire
quand il s’agit d’e´tudier des simulations de type SAI.
Pour re´sumer cette the`se, on peut donc conclure que les techniques de SRM-SAI
ne sont pas aussi se´duisantes que ce qu’en disent leurs avocats ou promoteurs. Les
quantite´s de soufre a` injecter dans la stratosphe`re, et les couˆts aﬀe´rents, pour contre-
carrer l’eﬀet de l’accroissement des gaz a` eﬀet de serre sur la tempe´rature du globe
pourraient eˆtre plus e´leve´s que pre´vu. Les retombe´es positives sur le cycle du carbone
restent tre`s hypothe´tiques dans l’e´tat actuel de la mode´lisation du syste`me Terre et se-
ront largement annihile´es en cas d’arreˆt de l’injection de soufre (ou d’autres pre´curseurs
d’ae´rosols) dans la stratosphe`re. Enﬁn et surtout, si la re´duction du rayonnement so-
laire incident permet eﬀectivement de compenser l’eﬀet des e´missions anthropiques
de gaz a` eﬀet de serre sur la tempe´rature de surface en moyenne annuelle et globale,
cette compensation reste tre`s imparfaite sur la re´partition verticale et latitudinale
des tempe´ratures, ce qui peut engendrer des re´percussions ne´gatives sur la circulation
atmosphe´riques et les pre´cipitations a` l’e´chelle re´gionale.
D’autres eﬀets collate´raux potentiellement importants ont e´te´ mis en e´vidence par
d’autres e´tudes, tels qu’une diminution de la couche d’ozone stratosphe´rique, notam-
ment en Antarctique, tant que subsistera une teneur e´leve´e de compose´s haloge´ne´s
dans la stratosphe`re, ce qui sera le cas pendant encore de nombreuses de´cennies. La
repre´sentation ﬁne de la stratosphe`re dans CNRM-ESM2.1 (re´solution verticale, simu-
lation re´aliste de la QBO, des vortex polaires et des re´chauﬀements stratosphe´riques
soudains dans les deux he´misphe`res, ozone interactif via le mode`le de chimie stra-
tosphe´rique REPROBUS) est un atout important pour explorer cette question dans
la continuite´ de cette the`se. Une autre perspective a` court terme est d’utiliser les
prochaines simulations GeoMIP re´alise´es dans le cadre de CMIP6 pour conﬁrmer ou
non la sensibilite´ de la re´ponse de la dynamique stratosphe´rique au choix du mode`le
et/ou du protocole utilise´, et quantiﬁer les incertitudes associe´es en termes de climat
sur l’Atlantique Nord et sur l’Europe. Dans cette optique, l’utilisation de grands en-
sembles pourrait s’ave´rer pre´cieuse pour de´tecter signiﬁcativement le signal re´gional
de la SRM, notamment sur les pre´cipitations.
A` un peu plus long terme, la strate´gie mise en œuvre dans le Chapitre 3 pour
contraindre la re´ponse thermique globale a` la re´duction du rayonnement solaire in-
cident pourrait eˆtre applique´e a` l’e´chelle plus re´gionale et/ou a` d’autres variables.
Ne´anmoins, l’utilisation des e´ruptions volcaniques comme analogue de la SRM-SAI
re´side principalement dans la me´thode actuelle de mode´lisation de la SAI dans les
mode`les de climat. L’e´laboration de protocoles plus sophistique´s, en adaptant par
exemple le lieu ou la saisonnalite´ de l’injection, ou encore les proprie´te´s des ae´rosols
ou de leurs pre´curseurs, pourrait re´duire l’analogie qui peut eˆtre faite aujourd’hui entre
les e´ruptions volcaniques et la SRM-SAI dans les mode`les de climat.
Au sein de la communaute´ scientiﬁque, les diﬀe´rentes techniques de SRM ont sou-
vent e´te´ mises dans le meˆme panier, pensant que les impacts climatiques seraient
semblables. La comparaison de protocoles de nature diﬀe´rente a montre´ que les im-
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pacts climatiques peuvent diﬀe´rer selon la me´thode employe´e pour de´stabiliser le bilan
radiatif terrestre. Une fois encore, il est important d’imple´menter dans les mode`les
chaque technique de SRM de manie`re inde´pendante pour en e´tudier les impacts, sans
ge´ne´raliser les conclusions a` l’ensemble des techniques de SRM. L’exercice GeoMIP
pour CMIP6 pre´voit par exemple d’e´tudier la technique d’amincissement des cirrus
par acce´le´ration de la se´dimentation de leurs cristaux de glace.
Enﬁn, outre les incertitudes scientiﬁques sur les multiples eﬀets climatiques de la
SRM-SAI, ce projet de ge´o-inge´nierie pose des proble`mes majeurs de gouvernance
mondiale. L’e´chec relatif de cette dernie`re dans la lutte contre le re´chauﬀement clima-
tique laisse pre´sager des diﬃculte´s analogues a` propos de la gouvernance de la SRM.
Des travaux interdisciplinaires, meˆlant sciences “dures” et sciences humaines (sociales,
politiques et de l’e´thique) doivent donc eˆtre mene´s sur cette the´matique, sans se faire
au de´triment des travaux en cours visant a` identiﬁer et si possible lever les verrous
techniques, sociaux et politiques d’une re´duction substantielle des e´missions de gaz a`
eﬀet de serre. Cette re´duction drastique des e´missions reste la principale solution pour
limiter le re´chauﬀement global et ses impacts. Pour la majorite´ des scientiﬁques, la
ge´o-inge´nierie reste un plan B tre`s imparfait et tre`s hypothe´tique, mais sur lequel on
ne peut faire l’impasse tant que pe`se la menace de changements climatiques abrupts
et/ou irre´versibles.
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Midlatitude Summer Drying: An Underestimated
Threat in CMIP5 Models?
H. Douville1 and M. Plazzotta1
1Météo-France/CNRM, Toulouse, France
Abstract Early assessments of the hydrological impacts of global warming suggested both an
intensiﬁcation of the global water cycle and an expansion of dry areas. Yet these alarming conclusions
were challenged by a number of latter studies emphasizing the lack of evidence in observations and
historical simulations, as well as the large uncertainties in climate projections from the ﬁfth phase of the
Coupled Model Intercomparison Project (CMIP5). Here several aridity indices and a two-tier attribution
strategy are used to demonstrate that a summer midlatitude drying has recently emerged over the northern
continents, which is mainly attributable to anthropogenic climate change. This emerging signal is shown
to be the harbinger of a long-term drying in the CMIP5 projections. Linear trends in the observed aridity
indices can therefore be used as observational constraints and suggest that the projected midlatitude
summer drying was underestimated by most CMIP5 models. Mitigating global warming therefore remains a
priority to avoid dangerous impacts on global water and food security.
Plain Language Summary What will be the consequence of global warming on regional soil
moisture at the end of the 21st century? The response found in the ﬁfth Assessment Report (AR5) of
Intergovernmental Panel on Climate Change is blurred by many uncertainties, even when the focus is on a
single business-as-usual scenario for the projected concentrations of greenhouse gases. Such a confusion is
dominated by climate model uncertainties on the long term but might be also due to internal climate
variability on the near term. Here we use a detection-attribution methodology to demonstrate that recent
trends in soil moisture and in near-surface relative humidity averaged over the boreal midlatitude continents
in summer have been mainly driven by human activities. Then we show that there is a fairly strong
relationship between the near-term versus long-term aridity response among a set of 20 climate models,
thereby supporting the limited inﬂuence of internal climate variability on near-term variability. Finally, we
use this emergent relationship to constrain the long-term model response with the recent trends estimated
from the observations and ﬁnd that the projected long-term drying was probably underestimated by
most global climate models explored in the AR5.
1. Introduction
Water scarcity is a major threat for food security and economic prosperity in many countries, which is not
expected to decrease given the growing global population and related pressure on available water resources.
Moreover, the global water cycle might be seriously affected by the projected climate change due to anthro-
pogenic emissions of greenhouse gases (GHGs). The threat of an increased risk of drought, including in the
summer midlatitudes, was highlighted by both empirical (e.g., Dai et al., 2004) and numerical studies (e.g.,
Douville et al., 2002; Frierson & Scheff, 2012; Scheff & Frierson, 2015). Off-line hydrological simulations
suggest that a global warming of 2°C above present will increase the population living under extreme water
scarcity by another 40% compared with the effect of population growth alone (e.g., Schewe et al., 2014).
Nevertheless, such hydrological impacts are highly model dependent, with both global climate models
(GCMs) and off-line land surface models (LSMs) contributing to the spread. Internal climate variability is also
a major source of uncertainty, even if the model formulation generally dominates the spread by the end of
the 21st century (Orlowsky and Seneviratne, 2013).
In contrast to the mainstream thinking, a number of studies cast serious doubts on the reality of the ongoing
and/or projected global drying. First, empirical aridity indices must be interpreted cautiously since they rely
on a simpliﬁed calculation of potential evaporation that may respond incorrectly to the land surface warming
observed in recent decades (Joetzjer et al., 2013; Shefﬁeld et al., 2012). Moreover, the general climate change
paradigms that “dry regions are getting drier and wet regions are getting wetter” and that “warmer is more
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arid” have been recently challenged (Greve et al., 2014, Roderick et al.,
2015). When aridity changes are assessed as the lack of precipitation,
the lack of runoff, or using a carbon budget approach, most global
model outputs suggest that “warmer is less arid” (Roderick et al.,
2015). In addition, rising atmospheric CO2 is likely to decrease the plant
water use, a physiological process which is overlooked in many climate
models and/or impact studies and which can reduce future drought
stress (e.g., Best et al., 2007; Swan et al., 2016). Finally, Berg et al.
(2016) found a robust vertical gradient of soil moisture anomalies in
the ﬁfth phase of the Coupled Model Intercomparison Project (CMIP5)
models, with more negative changes projected near the surface,
thereby suggesting that the surface drying predicted by empirical
and/or off-line metrics may tend to exaggerate changes in total soil
moisture availability.
The present study has a twofold objective: (i) attributing the recent variability and (ii) constraining the long-
term evolution of total soil moisture and related variables over the northern midlatitude continent in summer
(June to September, hereafter JJAS). The ﬁrst objective is achieved by analyzing ensembles of global atmo-
spheric simulations driven by the human-forced versus total variations of observed sea surface temperature
(SST) and sea ice concentration (SIC). The second objective is achieved by using the diagnosed human-forced
aridity trends as an emergent constraint for the aridity projections derived from a subset of 20 CMIP5 models.
Given the lack of direct total soil moisture observations at the global scale, an off-line land surface reanalysis
will be used as well as other (indirect) land surface aridity indices.
Section 2 describes the experiment design and the observed data sets. Results are shown in section 3. A
recent land surface drying is found in multiple data sets, which is dominated by anthropogenic climate
change. The implications of this attribution for aridity projections are also discussed in section 3 and suggests
that this emerging signal is the harbinger of a much stronger drying, which was underestimated by most
CMIP5 models. The main conclusions are drawn in section 4.
2. Experiment Design and Data Sets
With the increasing conﬁdence that recent global warming is very likely due to human activities, detection
and attribution (hereafter) D&A studies have recently moved from temperature to other climate variables
equally relevant for impact studies. As far as the global water cycle is concerned, formal D&A studies have
revealed a human inﬂuence on the zonal mean distribution of precipitation (e.g., Zhang et al., 2007) and sur-
face evapotranspiration (e.g., Douville et al., 2012). Yet the net effect of such changes on the land surface
water budget is difﬁcult to assess. D&A of observed changes in continental waters remains a difﬁcult chal-
lenge given the limited instrumental record and/or the direct human inﬂuence on rivers and reservoirs. To
the author’s knowledge, the recent study by Mueller and Zhang (2016) is the only one that has been so far
successful at attributing changes in soil moisture. The focus was on the northern continents and on the hot-
test season. The analysis was limited to the 1951–2005 period and based on the comparison between soil
moisture outputs from CMIP5 models versus LSMs.
Here the focus is also on the northern midlatitude continents and on the boreal summer season, but the
study uses one more decade of data and a two-tier D&A strategy. First, a formal D&A algorithm is applied
to isolate the SST and SIC variations driven by anthropogenic and/or natural radiative forcings (cf. supporting
information (SI)). Then, ensembles of atmospheric-only global climate simulations are performed to attribute
recent changes in soil moisture and related land surface variables. So doing, the CMIP5 models are only used
to assess the externally forced variations in the SST observations. By prescribing the observed SST variability,
our strategy enables a more straightforward comparison with the observations (e.g., Dai, 2013).
The experiment design is summarized in Table 1. Two ensembles of 1920–2014 global atmospheric simula-
tions have been achieved. ALL is a nine-member ensemble of extended AMIP (Atmospheric Model
Intercomparison Project) simulations driven by observed SST/SIC and radiative forcings. ANT is a ﬁve-member
ensemble driven by the human-forced SST/SIC variability and the anthropogenic radiative forcings (no volca-
nic eruption and no variation in solar activity). Note that two additional nine-member ensembles have been
Table 1
Summary of the Ensemble AGCM Experiments
Expt SST Radiative forcings Size
ALL Observed AMIP NAT + ANT 9
EXT Externally-Forced AMIP NAT + ANT 9
INT Internal AMIP Fixed 9
ANT Human-Forced AMIP ANT Only 5
Note. For the INT ensemble, “ﬁxed” means the 1920–1960 monthly (SST
and aerosols) or annual (other radiative forcings) mean climatology.
Here the study is based on the ALL and ANT ensembles and the inﬂuence
of the natural climate variability is estimated as the ALL minus ANT
difference.
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achieved to isolate the role of the internal versus externally forced climate variability (cf. Table 1). No ensem-
ble is available to diagnose the inﬂuence of natural climate variability (i.e., internal variability + natural for-
cings) so that this inﬂuence will be here estimated as the difference between the ALL and ANT ensembles.
All experiments are based on version 6.2 of the ARPEGE-Climat AGCM, which is an update of v5.2 as described
in Voldoire et al. (2013). The main differences between v5.2 and v6.2 include a modiﬁcation of the vertical
diffusion scheme and a new shallow and deep convection scheme. The land surface model has been also
improved in many respects, including the introduction of a direct (biophysical) CO2 effect on stomatal closure
(Joetzjer et al., 2015) and the representation of ﬂoodplains and groundwaters fully coupled to the soil hydrol-
ogy. The groundwater scheme needs to be integrated for many decades to reach an equilibrium under pre-
industrial climate conditions. Such a strategy was not here feasible given the limited computing resources
and the decision to start the simulations in 1920. The different members of our experiments were initialized
at 5 year intervals from a ﬁrst extended AMIP integration after a minimum spin-up of 30 years. This is sufﬁ-
cient for most land surface variables to reach equilibrium. A residual drift of deep soil moisture is, however,
discernible, which does not represent a major issue since the role of natural climate variability is assessed
as the difference between the ALL and ANT ensembles (sharing the same drift).
As far as the CMIP5 models are concerned, all results are based on a single realization of the historical (1850–
2005) and corresponding RCP8.5 (2006–2100) simulations. Only a subset of 20 models (cf. Table S1 in SI) has
been used to avoid or at least mitigate the issue of model interdependency when building emergent con-
straints on model projections (Knutti et al., 2017). The main selection criterion was avoiding the use of several
models based on the same atmospheric component. A second criterion was the availability of monthly mean
model outputs not only for total soil moisture but also for the following variables: near-surface daily mean,
daily minimum, and daily maximum temperatures (the latter two being used to assess the diurnal tempera-
ture range, hereafter DTR); near-surface relative humidity (hereafter RH); and surface evaporative fraction
(hereafter EF) estimated as the ratio between latent heat and total (latent + sensible) turbulent ﬂuxes at
the land-atmosphere interface.
The observational counterpart is based on the following data sets: the 1979–2010 European Centre for
Medium-Range Weather Forecasts Re-Analysis Interim (ERAI)-Land off-line land surface reanalysis (Balsamo
et al., 2015) for soil moisture, the 1979–2016 ERAI atmospheric reanalysis assimilating SYNOP observations
(Dee et al., 2011) for RH and the global mean surface temperature (GMST), the 1901–2014 CRU_TS3.23 clima-
tology (https://crudata.uea.ac.uk/cru/data/hrg/) for near-surface temperature, and the 1982–2011 Model Tree
Ensemble (MTE) upscaling of in situ FLUXNET measurements (Jung et al., 2010) for EF. In addition to
CRU_TS3.23, Hadex2 (http://www.metofﬁce.gov.uk/hadobs/hadex2/) was also used as an alternative gridded
DTR data set and led to similar results.
Note that ERAI-Land is a land surface model simulation driven by observed meteorological forcings. The
water budget is thereby perfectly closed, making ERAI-Land a more suitable soil moisture data set for climate
applications than ERAI. Yet there is no soil moisture data assimilation so that it is important to use multiple
aridity indices in the present study. Modern-Era Retrospective Analysis for Research and Applications
(MERRA)-Land was not used as an alternative soil moisture reconstruction, since it shows less consistent
trends than ERAI-Land when compared with satellite surface soil moisture over recent decades (Albergel
et al., 2013). Additional data sets could have been explored, such as surface soil moisture, vegetation indices,
or precipitation, but they would have been unavailable for most CMIP5 models and/or less connected to total
soil moisture. Maps of correlations of JJAS anomalies indeed suggest that RH (Figure S1) and DTR (Figure S2)
are strongly linked to total soil moisture at interannual timescales in both observations and the CNRM AGCM.
Moreover, the simulated correlations are quite realistic in the northern midlatitudes, suggesting that these
variables can be here considered as consistent surrogates for soil moisture.
In contrast, the correlation with EF (Figure S3) is stronger than inferred from reconstructions and does not
show a clear transition between soil moisture versus energy-limited evapotranspiration around 55°N, as sug-
gested by the ERAI-Land and MTE data sets. While this discrepancy might be the evidence of a too strong
land-atmosphere coupling (e.g., Levine et al., 2016; Vilesa et al., 2017), it might be also due to inconsistencies
between the reconstructed soil moisture and EF, the latter being based on an empirical upscaling technique
and a very limited number of in situ observations. As a result, and owing to the limited length of this data set,
we will not use the MTE reconstruction to constrain the CMIP5 projections in the continuation of the study.
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Note ﬁnally that the ERAI-Land reanalysis uses a four-layer land surfacemodel with uniform thicknesses, while
soil depth is not uniform in most climate models and is highly model dependent in the CMIP5 archive. It is
therefore necessary to standardize the soil moisture values for comparing the various data sets. This standar-
dization (i.e., substracting the climatological mean and dividing by the climatological standard deviation) was
here done after averaging the total soil moisture over the northern midlatitude domain (hereafter referred to
as the SSM index). This choice avoids giving too strong an emphasis on small absolute soil moisture variations
in arid areas and is more relevant to discussing the evolution of the regional land surface water budget.
3. Results
Figure 1 compares global maps of 1979–2014 linear trends in JJAS RH between ERAI and three ensembles of
global atmospheric simulations: CMIP5, the ALL ensemble driven by observed SST and radiative forcings, and
the INT ensemble driven by the internal variability of the observed SST and ﬁxed radiative forcings (1920–
1960 climatology). In line with the results of Simmons et al. (2010) and with other data sets, ERAI shows large
drying trends in many areas, including over most boreal midlatitude continents. This pattern is strongly
underestimated by CMIP5 models although they also show consistent drying trends over North America
and Europe. The ALL ensemble is globally more realistic even if the pattern shows some differences with
ERAI. The INT ensemble hardly shows any trend in the midlatitudes, thereby suggesting that the drying simu-
lated in the ALL ensemble is dominated by the external radiative forcings.
The hypothesis of a recent summer drying hiatus in most CMIP5 models is further supported by Figure S4
which mainly shows time series of JJAS land surface anomalies averaged over the boreal summer midlatitude
continents. Note that this underestimated drying has not much to do with the recent global warming hiatus
which shows a distinct spatial and seasonal signature (Trenberth et al., 2014). Figure S4 also highlights the
large spread found in the CMIP5 projections, especially for the SSM index and the related land surface vari-
ables. Even the sign of the response remains uncertain for DTR, EF, and SSM at the end of the 21st century.
Such a dispersion raises the question of whether the recent model behavior is informative about their
Figure 1. Global distribution of 1979–2014 linear trends in JJAS surface air relative humidity (% per decade) in (a) the ERA-
Interim Reanalysis, (b) a subset of 20 CMIP5 models, (c) the ALL ensemble driven by observed SST and radiative forcings,
and (d) the INT ensemble driven by the internal variability of the observed SST and ﬁxed (1920–1960 average) radiative
forcings. Hatching denotes consistent trends among the different members of the ensembles using a t test at a 5% level.
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long-term response and whether it can be assessed on the basis of a single simulation given the possible
inﬂuence of internal climate variability.
Before exploring this, Figure 2 compares the 1979–2014 linear trends between the ANT and ALL ensembles
conducted with the CNRM AGCM to discuss the anthropogenic versus natural origin of the recent multideca-
dal variability. The inﬂuence of the natural climate variability can be estimated as the difference between the
ALL and ANT ensembles. The underlying assumption is that the atmospheric responses to individual radiative
and/or SST forcings are additive. While such a hypothesis cannot be veriﬁed on the basis of our experiment
design (cf. Table 1), the additivity of the JJAS midlatitude anomalies is veriﬁed in the case of the INT and EXT
additional ensembles (not shown). The only noticeable exception is the total soil moisture response, in line
with the residual drift discussed in section 2. Given our initialization strategy, this drift is however common
Figure 2. (a) Simulated versus ERAI time series of global annual mean surface air temperature anomalies (°C) from 1960 to
2015. Other panels show simulated time series of JJAS mean anomalies averaged over the northern midlatitude continents
[35–55°N] for (b) surface air temperature (°C) versus CRU, (c) diurnal temperature range (°C) versus CRU, (d) surface air
relative humidity (%) versus ERAI, (e) evaporative fraction versus MTE, and (f) standardized soil moisture anomalies versus
ERAI-Land. For each ensemble (ALL in green and ANT in orange), the thick line denotes the ensemble mean, while the
shaded area denotes the 95% conﬁdence interval for the ensemble mean. Linear ﬁts are estimated over the 1979–2014
period (except for shorter observational records). Vertical dashed lines denote JJAS seasons with major anomalies of global
mean volcanic aerosol optical depth (in black) or Niño3–Niño4 SST (warm events in red and cold events in blue). R is the
temporal correlation of the ensemble mean anomalies with the observed anomalies.
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to all ensembles and is therefore suppressed when estimating the natural variability as the difference
between ALL and ANT.
Starting with the annual mean GMST response as an illustration, the global warming trend simulated in the
ANT ensemble is slightly stronger than in the ALL ensemble (Figure 2a), thereby suggesting a recent global
cooling due to natural climate variability. In line with Douville et al. (2015), this relative cooling is primarily due
to internal climate variability (not shown) and is not found over the boreal midlatitude continents in summer
(Figure 2b). More interestingly, the robust drying trend simulated in the ALL ensemble is mainly attributable
to the anthropogenic forcings (Figure 2c–2f). While the negative trend in total soil moisture (Figure 2f) is
robust in both ALL and ANT, the former experiment is less consistent with ERAI-Land thereby suggesting that
the CNRM AGCM slightly underestimates the “observed” midlatitude drying. Looking at the other compo-
nents of the water budget (Figure S7), it seems that this feature is not due to an underestimation of the pre-
cipitation decrease but rather to the evapotranspiration trend (although the MTE reference data set does not
cover the whole 1979–2014 period and the linear trends are not signiﬁcant over such a short period).
The robust summer midlatitude drying simulated in ALL and ANT is also found in RH (Figure 2d) and is quite
consistent with ERAI after 1979. It is also consistent with a recent increase in the simulated DTR, which is, how-
ever, not found in the CRU data set. Yet a wider 1960–2014 perspective supports the trend reversal simulated
at the end of the twentieth century in both ALL and ANT. This multidecadal variability is compatible with a
dominant time-varying radiative effect of anthropogenic aerosols (Boé, 2016; Zhou et al., 2010). Such a
hypothesis is supported by the sliding temporal correlations shown in the supporting information. While
both RH and DTR are robust proxies of the SSM index (Figure S5), they are also sensitive to the variability
of downward surface solar radiation (Figure S6). This radiative signature seems quite realistic in the
CNRM AGCM, at least for the soil moisture and RH indices which can therefore be used to constrain the
CMIP5 projections.
Figure 3 shows scatterplots of the long-term RH and SSM responses versus the recent linear trends estimated
over the 1979–2014 period. As indicated by the squared correlations in Figures 3a and 3c, such trends explain
24 to 60% of the intermodel spread at the end of the 21st century. The idea that climate change is emerging
in the instrumental record and can be used to constrain the long-term projections is not new (e.g., Knutti
et al., 2017) but can be misleading if the observed trends are not dominated by anthropogenic forcings.
Note that our CMIP5 ensemble (only one realization for each model) here samples both uncertainties in
the model formulation and in the initial conditions. Yet internal climate variability can be considered as a ran-
dom effect in these coupled simulations and has therefore a limited impact on the regression slope.
More critical is the potential role of natural variability in the observed trends if one plans to use them as
observational constraints. In both Figures 3a and 3c, the observed trends and their likely range (95% conﬁ-
dence interval) are shown as black lines and gray shadings, respectively. Also shown are the corresponding
trends and conﬁdence intervals in the ALL (green) and EXT (red) experiments. Not surprisingly, given the con-
trasted fraction of the intermodel spread explained by the linear regressions, the conﬁdence intervals are
tighter and the difference between ALL and ANT is smaller for the SSM compared to RH index. Arguing that
the human-induced linear trends represent a better constraint on the long-term response of the CMIP5 mod-
els than the observed trends, the difference between ALL and ANT can be used to translate the observed
trends on the x axis as represented by the maroon lines compared to the black lines. The conﬁdence intervals
are then also increased to account for the uncertainties in the ALL minus ANT differences.
Figures 3b and 3d illustrate the distribution of the CMIP5 model uncertainties and their potential reduction
through the use of the emergent constraints shown in Figures 3a and 3c, respectively. The prior distribution
(in red) is assumed to be Gaussian and is only estimated from the discrete realizations of the CMIP5 models.
Using the observed 1979–2014 linear trends to constrain the projections through a simple calculation of con-
ditional probabilities leads to a steeper distribution (in black) with a tighter 95% conﬁdence interval (shading)
and a drier ensemble mean response for both RH and SSM. This shift and narrowing is more important for soil
moisture than for RH raising some questions about the consistency between both indices. Yet there is a qua-
litative agreement between the two diagnostics whereby the summer drying of the northern midlatitude
continents was underestimated by most CMIP5 models. Taking into account the additional constraint about
the limited contribution of natural climate variability to the observed trends (cf. maroon pdfs) does not
change this conclusion which is even slightly reinforced in the case of total soil moisture.
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4. Summary
Several surface aridity indices have been explored in both CMIP5 models and global observations or
reconstructions to assess trends over recent decades and their possible use as emergent constraints on
the long-term projections. Focusing on the boreal summer midlatitude continents, the results suggest that
such a strategy could be particularly efﬁcient to constrain the late 21st century response of total soil moisture
in RCP8.5 scenarios, provided the availability of reliable observations over three to four decades. In the lack of
direct observations, the ERA-Interim land surface reanalysis suggests a strong underestimation of the recent
and future soil drying in the CMIP5 models.
This result should be considered with caution given the nature of the ERAI-Land reanalysis (i.e., an off-line
land surface simulation without data assimilation). Nevertheless, it is supported by a similar analysis based
Figure 3. (a) Scatterplot of 2071–2100 anomalies (%) versus 1979–2014 linear trends (% per century) of JJAS near-surface
air relative humidity averaged over the northern midlatitude continents among a subset of 20 CMIP5 models and related
linear regression (red line, 95% conﬁdence interval in shading). (b) Prior (no observational constraints) and constrained (see
text for details) pdfs of the CMIP5 anomalies (%). (c, d) Same as Figures 3a and 3b but for standardized soil moisture (SSM in
standard deviation). In panels Figures 3a and 3c, vertical lines and the associated 95% conﬁdence intervals in shading
denote the observed linear trend (black, only over 1979–2010 for SSM), the ensemble mean trend simulated in ALL and
ANT (green and red), and the observed linear trend attributed to anthropogenic forcings (maroon). All anomalies are
derived from a unique realization of the RCP8.5 scenario and estimated against the 1971–2000 climatology from the
corresponding historical simulation.
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on near surface relative humidity and on more reliable observations given the assimilation of conventional
synoptic measurements in the ERAI data set. In this case, the emergent constraint is, however, less efﬁcient
given the weaker link between recent and future RH changes and/or the stronger role of internal climate
variability in the CMIP5 models. Moreover, results obtained with the diurnal temperature range (DTR, cf.
Figures S7c and S7d) suggest a slight overestimation of the projected DTR increase in the CMIP5 models
which is in apparent contradiction with the underestimated drying. While this paradox might be explained
by atmospheric radiative processes, we cannot totally exclude that the surface drying found in both ERAI
and ERAI-Land is somewhat overestimated.
Further studies should clarify whether this midlatitude drying is dominated by a decrease in precipitation
and/or an increase in surface evapotranspiration. While Figure S7b shows a decrease in simulated precipita-
tion, the trend is neither robust (i.e., data dependent) nor statistically signiﬁcant in the observations.
Reconstructions of global evapotranspiration are even more uncertain, and, although Douville et al. (2012)
suggested a human-induced increase in the midlatitude evapotranspiration since the 1960s (cf. their
Figure 1), such a result needs to be conﬁrmed with new data sets extended to recent years. Moreover, the
relative inﬂuence of changes in evapotranspiration versus precipitation might be different between the early
and late 21st century. While the boreal midlatitude summer warming might ﬁrst increase surface evapotran-
spiration (E) without increasing precipitation (P), the induced soil drying might ultimately lead to a decrease
in both P and E or at least to a weaker increase in E. This negative soil moisture feedback on E can explain why
the emerging drying trend (per century) is stronger than the long-term drying (slope < 1) in the scatterplots
of CMIP5 models shown in Figure 3.
Clearly, our results support the use of multiple metrics to constrain global climate projections (Knutti et al.,
2017). But they also suggest that the end of model democracy is not straightforward as long as the relative
merits of different metrics are not considered, both in terms of physical relevance and of observational uncer-
tainty. The emerging climate change signal in the instrumental record makes the use of observed trends
more and more attractive for constraining the multi-model response but might be misleading if one does
not care about the anthropogenic origin of the trends. In line with Mueller and Zhang (2016), our study
suggests that the recent boreal midlatitude summer drying was mainly caused by human activities, thereby
supporting the use of observed trends to constrain the CMIP5 projections. Yet beyond the two-tier strategy
proposed in the present study and with the forthcoming availability of CMIP6 historical simulations, further
work is probably needed to take advantage of formal D&A tools in the development of observational con-
straints at both global and regional scales.
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Table S1. Models participating in GeoMIP that have completed experiment G4. Injection
properties  is  taken from  Kravitz  et  al.,  2013.  Any field  marked by N/A has  no  data
available. Note that  CCSM4 has a different emission scenario (RCP6.0) and a different
injection rate (8 Tg of SO2 per year).
3
Table  S2.  Sensitivity  and  robustness  to  methodological  choices:  Prior  (red)  and
constrained (light blue) estimates of  ΨSRM and associated confidence interval. We also
show in purple the multi-model regression coefficient,  and in green the observational
constraint mean estimate and standard deviation.
4
Figure S1. Schematic of experiment G4 of GeoMIP as published in Kravitz et al., 2011.
Based on the RCP4.5 scenario, a negative radiative forcing is produced by a continuous
injection of 5 Tg of SO2 per year into the tropical lower stratosphere.
5
Figure  S2.  Long-term  normalized  sensitivity  to  solar  radiation  management  by
stratospheric  aerosol  injection (SRM-SAI,  ΨSRM). Scatterplot  between land average
and  global  average  values  highlighting a  fairly  robust  land-sea  contrast  in  the  ΨSRM
response. For  each  model, the  number  of  points  is  determined  with  the  number  of
available G4 runs. The red line shows the best linear fit (r=0.88) across all runs, while the
red shade shows the uncertainty represented with the Cook’s distance around the multi-
model regression.
6
Figure S3. Time series of Aerosol Optical Depth at 550nm reconstructions from 1860 to
2005 as estimated by Sato et al., 1993 in blue and Ammann et al., 2003 in red. The five
major volcanic eruptions are pointed out and named in green.
7
Figure S4. a. Relationship between AOD reconstructions from Sato et al., 1993 (filled
symbols and solid lines) and Ammann et al., 2003 (empty symbols and dashed lines), and
observed LSW for Pinatubo from isccp_d2 (red) and MERRA2 (blue) data sets.  Each
point represents one month. Vertical solid and dashed black lines represent a volcanic
aerosol detection limit (respectively at 0.010 and 0.005). Each of the four regression lines
from 2 AOD reconstruction products and 2 LSW observational data sets has a strong
correlation (r>0.9). b. Same relationship within the framework of models. LSW estimates
come from the ensemble of  9  ESMs for the five major  volcanic  eruptions:  Krakatoa
(blue), Santa-Maria (green), Agung (yellow), El Chichon (red), and Pinatubo (purple).
The black regression line is calculated across all models and all volcanic eruptions. Note
that some of the Krakatoa’s AOD are high when LSW is low (blue filled points) due to a
time lag for this volcano for CanESM2.
8
Figure S5. Cross-correlation function (Venables and Ripley, 2002) between AOD time
series (averaged between Sato et al., 1993 and Ammann et al., 2003) and observed LSW
from isccp_d2 (red) and MERRA2 (blue) data sets for El Chichon (empty square) and
Pinatubo  (empty  triangle).  Vertical  colored  dashed  lines  point  out  the  maximum
correlation (in absolute value) and the corresponding lag between AOD and LSW time
series.  A 2-month  lag  emerges  for  MERRA2,  the  decrease  in  LSW anticipating  the
increase in AOD.
9
Figure S6. Reliability  assessment  of  the  LSW reconstruction for the  El  Chichon
eruption. Same as Figure 1c in the main text but for El Chichon instead of Pinatubo. Red
and gray shadings represent the models dispersion (+/- one standard deviation around the
ensemble mean) respectively for El Chichon only and for the average of the five major
recent eruptions. Blue and red colored lines represent reconstruction from the Pinatubo
AOD-LSW relationship  for  isccp_d2  and  MERRA2  products.  The  dashed  blue  line
represents the observed time-series for MERRA2.
10
11
Figure  S7. Bootstrapping  using  the  piControl  run  to  point  out  how  our  method  to
quantify  the  cooling  following  volcanic  eruptions  is  significantly  different  from  the
internal variability. For each model, the vertical blue line represents the estimate of the
mean cooling obtained across all volcanic eruptions (α=5) and all runs (β from 1 to 6
depending  on  the  model).  We  sampled  1000 estimates  to  built  the  red  curve:  each
estimate is obtained by averaging “α x β” randomly drawn values. Using this approach,
we  justify  that  our  estimates  are  robust  and  meaningful  across  the  model  ensemble.
Indeed, the detectability of the volcanic eruptions sensitivity looking at the minimum of
12
LT reached over two years after the eruption is sufficient because the cooling estimate for
each model is well outside the internal variability range.
13
Figure S8. Same as Figure 3 in the main text, removing CanESM2 model.
14
Figure S9. Same as Figure 3, adding CCSM4 (Gent et al., 2011) on the graph which has
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ANNEXE C. IMPACT DE LA PRISE EN COMPTE D’UN PARAME`TRE PAR INTERACTIF
DANS CNRM-ESM2
Dans cette annexe, je pre´sente tre`s succinctement le travail que j’ai re´alise´
sur le “rayonnement photosynthe´tiquement actif” (photosynthetically active radia-
tion, PAR). Ce parame`tre de´termine la proportion du rayonnement solaire incident
re´ellement utilise´e par la ve´ge´tation lors de la photosynthe`se. Le maximum du spectre
d’e´mission du rayonnement solaire se trouve dans le domaine visible entre 400 et 700
nm. Mais le spectre ne se cantonne pas au domaine visible, et s’e´tend sur des lon-
gueurs en dec¸a` de 400nm (ultraviolet) et au dela` de 700 nm (infrarouge). Pourtant, la
ve´ge´tation utilise uniquement la lumie`re visible pour eﬀectuer la photosynthe`se.
Dans le mode`le du CNRM, cette fraction du rayonnement est ﬁxe temporellement
et spatialement a` une valeur moyenne 0.48. Or, le rayonnement solaire est discre´tise´ en
six bandes spectrales dont trois se situent dans le domaine visible. Dans le mode`le du
CNRM j’ai donc imple´mente´ une variable PAR interactive e´volutive temporellement
mais surtout spatialement. Au lieu de prendre une valeur constante de 0.48, la valeur
interactive repre´sente le rapport entre le rayonnement solaire visible et le rayonnement
solaire total.
Figure C.1 – Impact du PAR interactif sur la GPP et le LAI en moyenne sur
une pe´riode de 10 ans. Les panneaux du haut pre´sentent la climatologie, et les
panneaux du bas repre´sentent l’anomalie entre la simulation utilisant le nouveau
parame`tre PAR interactif (i PAR) et la simulation utilisant la valeur ﬁxe 0.48
(0.48 PAR).
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Les Figure C.1 et Figure C.2 pre´sentent tre`s succinctement les re´sultats obte-
nus suite a` ce de´veloppement. Je montre deux parame`tres de´crivant l’activite´ pho-
tosynthe´tique de la ve´ge´tation : la GPP (Gross Primary Production) repre´sente le
ﬂux brut de carbone, de l’atmosphe`re vers la biosphe`re. Le LAI (Leaf Area Index)
repre´sente l’indice foliaire de la ve´ge´tation, rapport entre la surface des feuilles de la
plante et la surface de sol que couvre cette plante. Enﬁn, je pre´sente les cartes de
tempe´rature de surface et de pre´cipitations.
Ce travail pre´liminaire ne´cessite une e´valuation comple`te pour savoir s’il peut
constituer un apport a` la mode´lisation du cycle du carbone. Ne´anmoins, on peut
noter la sensibilite´ des parame`tres photosynthe´tiques a` l’imple´mentation interactive
de ce parame`tre : l’impact sur l’Amazonie est signiﬁcatif : augmentation de la GPP,
du LAI, induisant un refroidissement local.
Enﬁn, notons que les valeurs de PAR simule´es par le mode`le s’e´tendent entre 0.35
et 0.65, justiﬁant que la valeur 0.48 est bien trop restrictive au premier ordre. En eﬀet,
pour un rayonnement total incident identique entre deux points de grille, l’e´nergie
re´ellement utilisable par la ve´ge´tation peut varier du simple au double (pour des valeurs
de PAR extreˆmes).
Figure C.2 – Impact du PAR interactif sur la TAS et les PR en moyenne sur
une pe´riode de 10 ans. Les panneaux du haut pre´sentent la climatologie, et les
panneaux du bas repre´sentent l’anomalie entre la simulation utilisant le nouveau
parame`tre PAR interactif (i PAR) et la simulation utilisant la valeur ﬁxe 0.48
(0.48 PAR).
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CNRM-ESM1 et CNRM-ESM2-1 :
cartes globales DJF et JJA des
champs de tempe´rature, vent zonal
a` 850 hPa, et pre´cipitations
171
ANNEXE D. COMPARAISON DES MODE`LES CNRM-ESM1 ET CNRM-ESM2-1 : CARTES
GLOBALES DJF ET JJA DES CHAMPS DE TEMPE´RATURE, VENT ZONAL A` 850 HPA, ET
PRE´CIPITATIONS
Figure D.1 – Anomalies de la tempe´rature atmosphe´rique de surface hivernale
(DJF) entre les simulations G1, piControl et abrupt4×CO2 pour les mode`les
CNRM-ESM1 (a` gauche) et CNRM-ESM2-1 (a` droite). Pour chaque couple
d’anomalies, la corre´lation spatiale entre les deux mode`les est indique´e sur fond
jaune entre les deux panneaux. Les zones hachure´es repre´sentent un niveau
de signiﬁcativite´ supe´rieur a` 90%, estime´ a` partir d’un test de Student sur
l’e´chantillon de 40 anne´es.
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Figure D.2 – Anomalies de la tempe´rature atmosphe´rique de surface estivale
(JJA) entre les simulations G1, piControl et abrupt4×CO2 pour les mode`les
CNRM-ESM1 (a` gauche) et CNRM-ESM2-1 (a` droite). Pour chaque couple
d’anomalies, la corre´lation spatiale entre les deux mode`les est indique´e sur fond
jaune entre les deux panneaux. Les zones hachure´es repre´sentent un niveau
de signiﬁcativite´ supe´rieur a` 90%, estime´ a` partir d’un test de Student sur
l’e´chantillon de 40 anne´es.
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ANNEXE D. COMPARAISON DES MODE`LES CNRM-ESM1 ET CNRM-ESM2-1 : CARTES
GLOBALES DJF ET JJA DES CHAMPS DE TEMPE´RATURE, VENT ZONAL A` 850 HPA, ET
PRE´CIPITATIONS
Figure D.3 – Anomalies du vent zonal a` 850 hPa en hiver (DJF) entre les
simulations G1, piControl et abrupt4×CO2 pour les mode`les CNRM-ESM1
(a` gauche) et CNRM-ESM2-1 (a` droite). Pour chaque couple d’anomalies, la
corre´lation spatiale entre les deux mode`les est indique´e sur fond jaune entre les
deux panneaux. Les zones hachure´es repre´sentent un niveau de signiﬁcativite´
supe´rieur a` 90%, estime´ a` partir d’un test de Student sur l’e´chantillon de 40
anne´es. La climatologie de la simulation de re´fe´rence est indique´e en contours
violets, par pas de 5 m.s-1.
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Figure D.4 – Anomalies du vent zonal a` 850 hPa en e´te´ (JJA) entre les simula-
tions G1, piControl et abrupt4×CO2 pour les mode`les CNRM-ESM1 (a` gauche)
et CNRM-ESM2-1 (a` droite). Pour chaque couple d’anomalies, la corre´lation
spatiale entre les deux mode`les est indique´e sur fond jaune entre les deux pan-
neaux. Les zones hachure´es repre´sentent un niveau de signiﬁcativite´ supe´rieur
a` 90%, estime´ a` partir d’un test de Student sur l’e´chantillon de 40 anne´es. La
climatologie de la simulation de re´fe´rence est indique´e en contours violets, par
pas de 5 m.s-1.
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ANNEXE D. COMPARAISON DES MODE`LES CNRM-ESM1 ET CNRM-ESM2-1 : CARTES
GLOBALES DJF ET JJA DES CHAMPS DE TEMPE´RATURE, VENT ZONAL A` 850 HPA, ET
PRE´CIPITATIONS
Figure D.5 – Anomalies des pre´cipitations hivernales (DJF) entre les simulations
G1, piControl et abrupt4×CO2 pour les mode`les CNRM-ESM1 (a` gauche) et
CNRM-ESM2-1 (a` droite). Pour chaque couple d’anomalies, la corre´lation spa-
tiale entre les deux mode`les est indique´e sur fond jaune entre les deux panneaux.
Les zones hachure´es repre´sentent un niveau de signiﬁcativite´ supe´rieur a` 90%,
estime´ a` partir d’un test de Student sur l’e´chantillon de 40 anne´es.
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Figure D.6 – Anomalies des pre´cipitations estivales (JJA) entre les simulations
G1, piControl et abrupt4×CO2 pour les mode`les CNRM-ESM1 (a` gauche) et
CNRM-ESM2-1 (a` droite). Pour chaque couple d’anomalies, la corre´lation spa-
tiale entre les deux mode`les est indique´e sur fond jaune entre les deux panneaux.
Les zones hachure´es repre´sentent un niveau de signiﬁcativite´ supe´rieur a` 90%,
estime´ a` partir d’un test de Student sur l’e´chantillon de 40 anne´es.
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Re´sume´
Le rapport spe´cial du GIEC (SR1.5) publie´ en octobre 2018 est sans e´quivoque. Avec un re´chauﬀement global
d’environ 1°C en 2017 par rapport au de´but de l’e`re industrielle et une teneur de CO2 dans l’atmosphe`re de 400 parties
par million, l’Homme a d’ores et de´ja` modiﬁe´ substantiellement le climat. L’e´valuation de sce´narios climatiques a` bas
niveau d’e´missions limitant le re´chauﬀement global a` venir en dec¸a` de 2°C montre que nous sommes de´sormais face a`
un de´ﬁ scientiﬁque, technique et civilisationnel sans pre´ce´dent. Le GIEC stipule que chaque anne´e perdue en matie`re
d’atte´nuation rend un peu plus plausible la perspective d’une ve´ritable “catastrophe” climatique. Dans ce contexte
alarmant, les techniques de modiﬁcation du rayonnement solaire sont de plus en plus e´tudie´es comme une alternative
a` court terme pouvant limiter les impacts lie´s a` la hausse de la tempe´rature globale, en attendant la mise en œuvre
et/ou la faisabilite´ de techniques d’atte´nuation suﬃsamment eﬃcaces. La mode´lisation du syste`me Terre reste a` ce jour
le seul moyen d’e´tudier dans quelles mesures ces techniques pourraient eﬀectivement s’inse´rer dans la lutte contre le
changement climatique.
Le but principal de cette the`se est de quantiﬁer et de re´duire les incertitudes quant a` la re´ponse des mode`les aux
simulations de ge´o-inge´nierie de type modiﬁcation du rayonnement solaire, en accordant une attention toute particulie`re
aux eﬀets collate´raux sur les cycles de l’eau et du carbone. Dans un premier temps, nous avons exploite´ les simulations
existantes du projet GeoMIP, et avons identiﬁe´ une relation statistique e´mergente entre le refroidissement obtenu dans les
simulations de modiﬁcation du rayonnement solaire, et le refroidissement induit par les e´ruptions volcaniques majeures
dans les simulations historiques. Sur la base de plusieurs jeux d’observations, nous avons e´value´ la re´ponse des mode`les
aux e´ruptions et ainsi contraint la re´ponse a` la modiﬁcation du rayonnement solaire, re´duisant son eﬃcacite´ potentielle
de 20% et l’incertitude associe´e de 40%. Par la suite, nous nous sommes inte´resse´s a` la re´ponse du cycle du carbone et
avons montre´ que les changements climatiques induits par cette forme de ge´o-inge´nierie tendent a` stimuler les puits de
carbone continentaux et oce´aniques. Nous avons cependant pointe´ l’incertitude qui entoure les processus responsables
de cette augmentation, et e´galement la re´versibilite´ du cycle du carbone en cas d’arreˆt de la ge´o-inge´nierie. Malgre´
le renforcement des puits naturels de carbone, ce dernier re´sultat conﬁrme que cette forme de ge´o-inge´nierie ne peut
eˆtre conside´re´e comme une technique d’atte´nuation du fait de la non pe´rennite´ du stockage additionnel des e´missions
anthropiques de carbone dans les re´servoirs oce´anique et terrestre. Enﬁn, nous nous sommes inte´resse´s a` d’autres sources
d’incertitudes, lie´es au choix du protocole expe´rimental ou du mode`le mis en œuvre. Nous avons en particulier mis en
lumie`re l’inﬂuence potentielle de la stratosphe`re et de son couplage avec la circulation troposphe´rique sur la re´ponse
re´gionale des mode`les a` nos latitudes.
Abstract
The IPCC Special Report (SR1.5) published in October 2018 is unequivocal. Global warming reached 1°C above
preindustrial level in 2017 and atmospheric concentrations of CO2 passed 400 parts per million. Human activities have
already substantially altered the Earth’s climate. The assessment of low emission scenarios that limit global warming to
2°C above preindustrial levels shows that we are now facing an unprecedented scientiﬁc, technological and civilizational
challenge, and stipulates that each year lost for mitigation makes the prospect of a real climate “disaster” a little more
plausible. In this alarming context, solar radiation modiﬁcation techniques are increasingly studied as a short-term
alternative in order to limit the impacts of dangerous global warming, before the implementation and/or feasibility of
suﬃciently eﬀective mitigation techniques. Earth System Models remain the only tool to investigate the extent to which
these techniques could be used to counteract global warming.
The main purpose of this thesis is to quantify and narrow uncertainties in model response to geoengineering simu-
lations such as solar radiation modiﬁcation, with special attention to side-eﬀects on water and carbon cycles. First, we
have used available simulations from GeoMIP, and identiﬁed an emerging statistical link between the cooling obtained
in solar radiation management simulations, and the cooling induced by major volcanic eruptions in the historical simu-
lations. Using several observational datasets, we have evaluated the model response to volcanic eruptions and, thereby,
constrained the response to this geoengineering technique, reducing its potential cooling eﬃciency by 20%, and the as-
sociated uncertainty by 40%. Subsequently, we have focused on the carbon cycle response and have shown that climatic
changes induced by this form of geoengineering tends to stimulate continental and oceanic carbon sinks. However, we
have pointed out the uncertainty surrounding the processes responsible for this increase, and also the reversibility of the
carbon cycle in case of stopping geoengineering. Despite the enhancement of the natural carbon sinks, this last result
conﬁrms that this form of geoengineering cannot be considered as a mitigation technique because of the unsustainabi-
lity of the additional storage of anthropogenic carbon emissions into ocean and terrestrial reservoirs. Finally, we have
looked at other sources of uncertainty related to the choice of the implemented experiment design or model. We have
in particular highlighted the potentiel inﬂuence of the stratosphere and its coupling with the tropospheric dynamics on
the regional response in the northern midlatitudes.
